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ABSTRACT
We argue that the kilonova/macronova associated with the gravitational-wave event GW190425 could
have been bright enough to be detected if it was caused by the merger of a low-mass black hole
and a neutron star. Although tidal disruption occurs for such a low-mass black hole as is generally
expected, the masses of the dynamical ejecta are limited to . 10−3M, which is consistent with
previous work in the literature. The remnant disk could be as massive as 0.05–0.1M, and the disk
outflow of ∼ 0.01–0.03M is likely to be driven by viscous or magnetohydrodynamic effects. The disk
outflow may not be neutron-rich enough to synthesize an abundance of lanthanide elements, even in
the absence of strong neutrino emitter, if the ejection is driven on the viscous time scale of & 0.3 s.
If this is the case, the opacity of the disk outflow is kept moderate, and a kilonova/macronova at the
distance of GW190425 reaches a detectable brightness of 20–21 mag at 1 day after merger for most
viewing angles. If some disk activity ejects the mass within ∼ 0.1 s, instead, lanthanide-rich outflows
would be launched and the detection of emission becomes challenging. Future possible detections
of kilonovae/macronovae from GW190425-like systems will disfavor the prompt collapse of binary
neutron stars and a non-disruptive low-mass black hole–neutron star binary associated with a small
neutron-star radius, whose mass ejection is negligible. The host-galaxy distance will constrain the
viewing angle and deliver further information about the mass ejection.
Keywords: stars: neutron — stars: black holes — equation of state — gravitational waves
1. INTRODUCTION
Gravitational-wave observations continue to refine our
understanding of compact objects. The first event and
subsequent detections of binary-black-hole mergers re-
vealed the ubiquity of massive black holes (Abbott et al.
2019a), some of which may be spinning rapidly (Venu-
madhav et al. 2019). The first detection of a binary-
neutron-star merger, GW170817 (Abbott et al. 2017c)
followed by extensive electromagnetic observations (Ab-
bott et al. 2017d,b; Goldstein et al. 2017; Savchenko
et al. 2017; Arcavi et al. 2017; Coulter et al. 2017;
Lipunov et al. 2017; Soares-Santos et al. 2017; Tanvir
et al. 2017; Valenti et al. 2017) delivered a wealth of in-
formation about supranuclear-density matter (e.g., De
et al. 2018; Abbott et al. 2018a; Narikawa et al. 2019),
gamma-ray bursts (e.g., Abbott et al. 2017b; Goldstein
et al. 2017; Mooley et al. 2018), r -process elements (e.g.,
Kasen et al. 2017; Tanaka et al. 2017), the theory of
gravitation (e.g., Abbott et al. 2017b, 2019b), and cos-
mological expansion (e.g., Abbott et al. 2017a), while
their masses and spins are consistent with the Galactic
population (Farrow et al. 2019).
The recent report of gravitational waves from a
neutron-star binary system with ∼ 3.4M, GW190425
(formerly S190425z), may change our understanding of
the mass spectrum of compact objects (Abbott et al.
2020). As the total mass of Galactic binary neutron
stars has been limited to 2.5–2.9M (Farrow et al. 2019),
this event represents a population that has never been
found in the Galaxy as noted in Abbott et al. (2020), if
it is genuinely a binary-neutron-star merger. The pos-
sible mass asymmetry could add further value to this
event, because neutron stars as massive as & 1.9M
have been found only in neutron star–white dwarf bina-
ries (e.g., Cromartie et al. 2019). On another front, the
violation of the low-spin prior, with which dimension-
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less spin parameter is limited to ≤ 0.05 (Abbott et al.
2020), is not an issue for a black hole. Indeed, if the
lighter component is a neutron star with a typical mass
of 1.35M, the heavy one is consistent with & 2M and
is not safely concluded to be a neutron star. If this heavy
component is a low-mass black hole, it challenges exis-
tence of the mass gap between black holes and neutron
stars (Kreidberg et al. 2012; O¨zel et al. 2012). Thus, the
determination of the binary type is essential to obtain
robust astrophysical knowledge (see Barbieri et al. 2019,
for related work in this direction).
It is generally difficult to differentiate low-mass1 black
hole–neutron star binaries from binary neutron stars.
In fact, even GW170817 and associated electromagnetic
counterparts have not been strictly confirmed to be a
binary-neutron-star merger (Foucart et al. 2019; Hin-
derer et al. 2019; Coughlin & Dietrich 2019). The dis-
tinction of the binary type becomes more difficult in the
absence of electromagnetic counterparts.
Unfortunately, no plausible electromagnetic counter-
part was detected with GW190425. This is because
of either intrinsically dim emission or insufficient cov-
erage of the huge error region (see Table 2 of Hos-
seinzadeh et al. (2019) for the compilation of relevant
follow-up observations). Despite the poor localization
of GW190425, however, the Global Relay of Observa-
tories Watching Transients Happen network observed
impressive thousands of square degrees, which amount
to 46% and 21% of the 90% probability region derived
by BAYESTER and LALInference, respectively (Cough-
lin et al. 2019). Intriguingly, it is claimed in Poza-
nenko et al. (2019) that GRB 190425 coincident with
GW190425 had come from the northern hemisphere cov-
ered by Coughlin et al. (2019). It would be worthwhile
to investigate whether such an optical survey has suffi-
cient discriminative power for future reference (see also
Andreoni et al. (2019); Coughlin et al. (2020) for related
work on GW190425 as a binary-neutron-star merger and
other gravitational-wave candidates).
In this Letter, we discuss whether GW190425 could
have been identified unambiguously as a black hole–
neutron star binary or binary neutron stars, if follow-
up observations like Coughlin et al. (2019) would have
targeted the right sky location. We base our argu-
ments on a suite of latest numerical-relativity simula-
tions (Hayashi et al. in preparation, Fujibayashi et al.
2020) for the mass ejection and radiation-transfer sim-
ulations for the kilonova/macronova (Kawaguchi et al.
2019). Note that none of the simulations are tuned to
reproduce this specific event, GW190425.
1 In this Letter, “low mass” means & 1.9M for which the
distinction from the neutron star is not trivial.
2. GRAVITATIONAL WAVES
First, we recall that gravitational-wave observations
with the current sensitivity of detectors are unlikely to
differentiate black hole–neutron star binaries from bi-
nary neutron stars, whereas it is possible and concrete
in principle.
2.1. Inspiral phase
It is broadly recognized that gravitational waves from
the inspiral phase are not useful to distinguish low-mass
black hole–neutron star binaries from binary neutron
stars with current detectors (e.g., Hannam et al. 2013).
The primary reason is the ∼ 99.9% correlation between
the mass ratio and the spin parameter (Cutler & Flana-
gan 1994). A precise determination of these degener-
ated parameters and an associated classification of bi-
nary types will become possible only when gravitational-
wave detectors improve their sensitivity or multiband
gravitational-wave astronomy is realized (Sesana 2016).
Even if the degeneracy is solved, it is intrinsically dif-
ficult to determine whether an object with & 2M is
a black hole or a neutron star from our limited knowl-
edge about the neutron-star maximum mass (Shibata
et al. 2019). Although tidal deformability and the spin-
induced quadrupole parameter of a neutron star are dif-
ferent from those of a black hole, their extraction is chal-
lenging (Harry & Hinderer 2018). This is particularly
the case for a neutron star near the maximum mass,
where these values approach the black-hole limit (Yagi
& Yunes 2013).
2.2. Merger phase
Another possible method of distinction is to observe
gravitational waves from the merger phase in detail. If
the source is a low-mass black hole–neutron star bi-
nary, tidal disruption of the neutron star suddenly shuts
off gravitational-wave emission without exciting quasi-
normal modes (Shibata et al. 2009). If the source is mas-
sive binary neutron stars with a total mass of ∼ 3.4M,
the plausible merger outcome is the prompt collapse
(Hotokezaka et al. 2011), and the ringdown emission
from the remnant black hole should accompany it. Our
simulations indicate that this is also true for a highly
asymmetric binary for which the light component is
tidally disrupted (Kiuchi et al. 2019). The difference in
waveforms is evident for the case when a massive neu-
tron star is formed.
However, the merger phase can be detected only with
high sensitivity at high frequency. This is because the
characteristic frequency of both tidal disruption and
quasi-normal modes are in the kilohertz range (e.g., Shi-
bata et al. 2009). Thus, gravitational waves are not
likely to enable us to differentiate a low-mass black hole–
neutron star binary and binary neutron stars until the
On the possibility of GW190425 being a black hole–neutron star binary merger 3
third-generation detectors come online.
3. ELECTROMAGNETIC COUNTERPART
Next, we discuss whether electromagnetic counter-
parts allow us to distinguish a low-mass black hole–
neutron star binary and binary neutron stars for a
GW190425-like event. Specifically, we focus on the ob-
servation of the kilonova/macronova down to ∼ 21 mag
at 1–2 day after merger in the r - and g-bands typically
achieved in Coughlin et al. (2019). They also put an
upper limit of ∼ 15 mag in the J -band, but this is not
restrictive in realistic situations.
3.1. Mass ejection
The properties of the kilonova/macronova are deter-
mined by the ejected material (Li & Paczyn´ski 1998).
Thus, we begin with investigating the mass ejection
from GW190425-like systems based on our numerical-
relativity simulations. The ejection channels are usually
separated into (hydro)dynamical processes working dur-
ing merger and disk activity in the post-merger phase,
and accordingly we discuss these two separately below.
First of all, we recall that no mass ejection is ex-
pected from symmetric2 binary neutron stars as massive
as ∼ 3.4M, because they are highly likely to collapse
promptly into a black hole without leaving baryonic ma-
terial (Kiuchi et al. 2010; Hotokezaka et al. 2013). Ac-
cordingly, no kilonova/macronova is expected for this
case as well as gamma-ray bursts. This means that
any non-detection will be consistent with massive binary
neutron stars as far as the (nearly-)equal-mass system
is allowed by gravitational-wave observations. If a mas-
sive neutron star is formed transiently helped by a large
maximum mass, the black hole–disk formation and mass
ejection could be similar to those for asymmetric bina-
ries (Kiuchi et al. 2019).3 Hereafter in this section, we
focus on clarifying the similarity and difference between
a low-mass black hole–neutron star binary and asym-
metric binary neutron stars.
3.1.1. Merger phase
Coincidentally, we have recently simulated mergers
of non-spinning 2M black hole–1.35M neutron star
binaries, which reasonably model possible sources of
GW190425 (Hayashi et al. in preparation). Data anal-
ysis of GW190425 indicates that the spin parameter is
small (Abbott et al. 2020), and the neglect of the spin
is acceptable. We adopted three piecewise polytropes,
2 In this Letter, “symmetric” means the mass ratio of 0.9–1,
where the precise threshold is admittedly ambiguous.
3 This scenario strongly indicates that the merger remnant of
GW170817 survived for long period of time.
HB, H, and 1.25H (Lackey et al. 2012),4 with which
neutron-star radii took 11.6 km, 12.3 km, and 13.0 km,
respectively. This range spans middle to large radii in-
ferred by GW170817 (Abbott et al. 2018a) and should
be sufficient to cover non-trivial outcomes of black hole–
neutron star binary mergers. Actual simulations are
performed with the SACRA-MPI code (Yamamoto et al.
2008; Kiuchi et al. 2017) with three different resolutions
to check numerical convergence. Because these merger
simulations aim at deriving the amounts of dynamical
ejecta and formed accretion disks, neutrino transport
or magnetic fields are not incorporated (see below for
post-merger simulations).
The masses of the dynamical ejecta are found to be as
small as < 10−4M, < 10−4M, and 4× 10−4M for
HB, H, and 1.25H, respectively, although the neutron
stars are disrupted violently to leave moderately massive
disks of 0.04M, 0.07M, and 0.1M. The smallness
of the dynamical ejecta in low-mass black hole–neutron
star binaries is consistent with the tendency found in
our previous study (see Fig. 11 of Kyutoku et al. (2015)
and also Foucart et al. (2019)). Although we did not in-
corporate neutrino transport in these simulations, pre-
vious studies confirmed that the dynamical ejecta are
extremely neutron-rich for black hole–neutron star bi-
naries (Roberts et al. 2017; Kyutoku et al. 2018).
We have also simulated 1.8M–1.2M mergers of
black hole–neutron star binaries and binary neutron
stars with the APR4 equation of state (Akmal et al.
1998), with which the radius of a 1.2M neutron star
is 11.0 km, for comparing outcomes (Hayashi et al. in
preparation). We find that (i) the mass of the disk,
0.07–0.08M, depends only weakly on the binary type,
and (ii) the mass of the dynamical ejecta is 9× 10−4M
for asymmetric binary neutron stars, which is larger by
an order of magnitude than that for corresponding black
hole–neutron star binaries. The masses of the dynamical
ejecta owe their difference to the presence/absence of the
surface of the heavier neutron star, which allows the ma-
terial of the disrupted lighter component to be ejected
before the whole system collapses into the remnant black
hole (see also Kiuchi et al. 2019). While these models
are not directly comparable to GW190425, our results
suggest that the dynamical ejecta of & 10−3M was
possible if GW190425 was asymmetric binary neutron
stars, particularly if the neutron-star radius is & 12 km.
To summarize, the dynamical ejecta are very tiny for
low-mass black hole–neutron star binaries, while they
could be & 10−3M for asymmetric and massive binary
neutron stars. By contrast, the disk mass can be as large
4 1.25H is denoted by p6.0Γ3.0 in Lackey et al. (2012).
4 Kyutoku et al.
as ∼ 0.05–0.1M irrespective of the binary type unless
the neutron-star radius is . 11.5 km. This indicates that
the main ejection channel for these systems is likely to
be the post-merger disk activity.
3.1.2. Post-merger phase
It is commonly believed that the outflow from the
black hole–accretion disk is neutron-rich enough to syn-
thesize abundance of lanthanide elements (e.g., Just
et al. 2015; Siegel & Metzger 2018; Ferna´ndez et al.
2019). This should be contrasted with the lanthanide-
poor outflow from the tori surrounding massive neutron
stars, which emit a copious amount of neutrinos to mit-
igate neutron richness (Fujibayashi et al. 2018). How-
ever, no simulation of the black hole–disk outflow has
been performed in general-relativistic viscous hydrody-
namics. In addition, initial conditions have typically
been given without referring to merger simulations (but
see also Ferna´ndez et al. 2017).
To explore properties of the outflow from the rem-
nant black hole–accretion disk, we performed axisym-
metric viscous-neutrino-radiation-hydrodynamics simu-
lations in full general relativity (Fujibayashi et al. 2020).
Our fiducial models consist of a 0.1M disk surrounding
a 3M black hole with its dimensionless spin parame-
ter being 0.8 or 0.6. This reasonably models the merger
product of GW190425 for the case of a low-mass black
hole–neutron star binary or asymmetric binary neutron
stars (see the previous section for the disk mass).
The simulations show that 15%–30% of the initial disk
material is ejected on the time scale of ∼ 0.3–1 s in a
quasi-spherical manner for a plausible range of the al-
pha viscosity parameter, α = 0.05–0.15. This ejection
efficiency agrees with that found in previous work (e.g.,
Just et al. 2015; Siegel & Metzger 2018; Ferna´ndez et al.
2019). The outflow is driven by the viscosity, which
is presumably induced by magneto-turbulence in real-
istic situations, and the contribution of neutrino-driven
winds is negligible. Because the disk outflow dominates
the dynamical ejecta in terms of the mass, properties of
the disk outflow primarily determine whether the kilo-
nova/macronova is detectable for a GW190425-like sys-
tem, irrespective of the binary type.
One crucial difference of our results from previous ones
(e.g., Just et al. 2015; Siegel & Metzger 2018; Ferna´ndez
et al. 2019) is that the electron fraction Ye of the disk
outflow is not very low with its mass-averaged value be-
ing ∼ 0.3 even in the absence of the strong neutrino
emitter, i.e., the remnant neutron star. This result is
rather similar to that of our previous work on accretion
tori around massive neutron stars (Fujibayashi et al.
2018). The reason for this difference is that the mass
ejection occurs on the viscous time scale of ∼ 0.3–1 s as
stated above. Because the outflow is not driven signifi-
cantly until the weak processes freeze out and neutrino
cooling becomes inefficient, the disk material typically
relaxes to equilibrium of electron/positron captures by
the time of ejection. Thus, the neutron richness is mit-
igated for most of the disk outflow (Fujibayashi et al.
2020). By contrast, if the mass ejection occurs on a short
time scale of . 0.1 s, the neutron richness of the ejecta
could be high (e.g., Siegel & Metzger 2018; Ferna´ndez
et al. 2019; Christie et al. 2019).
Post-process nuclear network calculations show that
the lanthanide mass fraction, a key parameter to de-
termine the opacity (Kasen et al. 2017; Tanaka et al.
2019), of the disk outflow derived in our simulations is
limited to . 10−3 for (0 <)α . 0.1 (Fujibayashi et al.
2020). The opacity of such lanthanide-poor ejecta is
lower by an order of magnitude than the lanthanide-
rich case. As a general trend, the lanthanide mass frac-
tion increases as the alpha viscosity parameter increases
or the initial mass of the disk decreases. This trend
implies that the lanthanide mass fraction can have di-
versity for a given mass of the outflow, and further
case-by-case studies or first-principle neutrino-radiation-
magnetohydrodynamics simulations are warranted.
To summarize, the outflow from the black hole–
accretion disk can be either lanthanide-poor or rich re-
flecting the time scale of mass ejection. In the following,
we consider both cases for assessing the detectability of
electromagnetic counterparts. Meanwhile, the ejection
efficiency is likely to be 15%–30%.
We note that the similarity of the remnant black hole–
disk system suggests that possible gamma-ray bursts
should also be similar, irrespective of the binary type.
However, it is premature to conclude anything about the
driving process of an ultrarelativistic jet. We do not dis-
cuss the gamma-ray burst here, and it definitely requires
future investigation.
3.2. Kilonova/Marconova
To assess the detectability, we computed multi-
band light curves of the kilonova/macronova asso-
ciated with various possible configurations of ejecta
from GW190425-like systems by Monte-Carlo radiation-
transfer simulations with the code developed in Tanaka
& Hotokezaka (2013); Kawaguchi et al. (2019), and the
line list described in Tanaka et al. (2019). The den-
sity profile and anisotropy of the dynamical ejecta are
modeled following Kawaguchi et al. (2019). The mass-
averaged velocity of the disk outflow is varied from 6%
to 10% of the speed of light, and the following discussion
does not depend on the specific choice. It should be cau-
tioned that predictions of the kilonova/macronova de-
pend on computational methods and systematic errors
should be mitigated by cross comparisons with other
models (see e.g., Kasen et al. 2017; Bulla 2019; Cough-
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Figure 1. Various possible r-band light curves in AB magnitude of the kilonova/macronova for GW190425-like events. The left
and right columns show results for polar viewing angles of 0◦–20◦ from the rotational axis of the binary at 130–250 Mpc and the
equatorial one of 67◦–71◦ at 70–140 Mpc, respectively. The distance is matched to GW190425 taking the correlation with the
viewing angle into account (Abbott et al. 2020). The blue and green strips in the top panels correspond to the lanthanide-poor
disk outflows of 0.02M without and with dynamical ejecta of 10−4M, respectively. The orange and red strips in the bottom
panels are the same as above but for the lanthanide-rich disk outflows. Thick dashed lines indicate 21 mag and 1 day (Coughlin
et al. 2019).
lin et al. 2020).
The results are summarized in Fig. 1 for two repre-
sentative viewing angles with incorporating distance un-
certainties, which depend on the viewing angle via the
correlation in determining gravitational-wave amplitude
(Abbott et al. 2020). Specifically, the distance should be
larger for more polar direction, and vice versa, for given
amplitude. We explain individual cases below.
Our simulations indicate that a survey equivalent to
Coughlin et al. (2019) is likely to detect the emission
from the disk outflow if it is lanthanide poor (see the
top row of Fig. 1). Specifically, for the material with
Ye = 0.3–0.4, the emission at 1 day after merger reaches
∼ 20 mag in the r/g-bands for a hypothetical distance of
150 Mpc. Indeed, the emission reaches 21 mag even if the
mass is reduced to 0.01M. Thus, if the non-detection
of Coughlin et al. (2019) had really covered the location
of GW190425, neither a low-mass black hole–neutron
star binary nor asymmetric binary neutron stars is pre-
ferred unless a small neutron-star radius of . 11.5 km
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suppresses the disk formation. Although the dynami-
cal ejecta with & 10−4M could conceal the emission
in the equatorial direction by the lanthanide-curtain ef-
fect (Kasen et al. 2015) even taking the proximity into
account, this applies only to highly equatorial angles of
& 75◦ and half of the azimuthal angle due to anisotropy
(Kyutoku et al. 2015).
If the disk outflow is lanthanide rich, the detectability
depends on the combination of the viewing angle and the
amount of the dynamical ejecta (see the bottom row of
Fig. 1). Specifically, for the material with Ye = 0.1–0.3,
the high opacity renders the emission from the outflow of
0.02M marginally undetectable 21.5 mag for 150 Mpc.
This can be detected from the equatorial direction with
a small distance, but not from the polar direction with a
large distance. However, the lanthanide-rich dynamical
ejecta of & 10−4M associated with a large neutron-
star radius of & 12.5 km interchange the detectability
of these two cases. On the one hand, the emission in
the polar direction is boosted by 0.5–1 mag and could
become detectable. On the other hand, the lanthanide-
rich disk outflow is concealed by the lanthanide-rich dy-
namical ejecta and becomes undetectable in the equa-
torial direction despite their similar composition. This
is ascribed to the low temperature and density of the
dynamical ejecta, where the latter increases the expan-
sion opacity as far as the medium is optically thick (see
e.g., Equation (1) of Kawaguchi et al. 2019). Because
gravitational-wave detections are biased toward polar di-
rections (Schutz 2011), the dynamical ejecta may tend
to enhance the detectability.
We caution that enhancement in the polar direction
due to the dynamical ejecta is only marginal for the
cases relevant to GW190425, particularly taking uncer-
tain microphysics in radiation-transfer simulations into
account (Kawaguchi et al. 2019). For the r -band mag-
nitude to exceed 21 mag significantly for 150 Mpc, the
dynamical ejecta as massive as & 0.01M are required,
which is comparable to the mass of the disk outflow.
Such vigorous dynamical mass ejection is unlikely to oc-
cur for low-mass black hole–neutron star binaries. This
might be possible with asymmetric binary neutron stars,
whose kilonova/macronova may be characterized by the
disk outflow with relatively massive dynamical ejecta.
4. DISCUSSION
Table 1. Detectability of the kilonovae/macronovae from GW190425-like events with respect
to the binary type and the merger outcome
Binary typea Merger Outcomeb Detectable?c
low-mass BH–NS
La-poor disk YES
La-poor disk+La-rich dyn. ≈YES
La-rich disk YES if equatorial
La-rich disk+La-rich dyn. YES if polar
weak/no disruption (small radius) NO
asymmetric NS–NS
La-poor disk+La-rich dyn. YES if polar
La-rich disk+La-rich dyn. YES if polar
symmetric NS–NS
massive neutron star (large maximum mass) YES if polar
prompt collapse NO
Note—Parentheses in the “Merger outcome” column indicate the required neutron-star prop-
erties. Any binary type becomes trivially undetectable if the ejection efficiency happens to
be low.
aBH: black hole; NS: neutron star
bLa-rich: lanthanide rich; La-poor: lanthanide poor; disk: disk outflow of ∼ 10−2M; dyn.:
dynamical ejecta of & 10−4M
c≈YES: except for highly equatorial directions heavily obscured by lanthanide curtains; polar:
observed from the polar direction avoiding lanthanide curtains; equatorial: observed from
the equatorial direction with a small distance
Although huge uncertainties are inevitable, we specu- late implications of possible future detections of kilono-
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vae/macronovae from GW190425-like events by a survey
like Coughlin et al. (2019) (see Table 1 for the summary
of detectability). Because a successful detection will tell
us the host galaxy and its distance, accuracy in deter-
mining the viewing angle will be improved by mitigating
the degeneracy in the gravitational-wave amplitude (see
e.g., Mandel 2018; Finstad et al. 2018, for the case of
GW170817). First, if it turns out that we are in the
equatorial direction of the event, the dynamical ejecta
may be . 10−4M for the disk outflow to avoid lan-
thanide curtains. This case may support the hypothesis
of a low-mass black hole–neutron star binary if mas-
sive and luminous dynamical ejecta of & 0.01M are
rejected by further follow-up observations. If the dy-
namical ejecta are massive, asymmetric binary neutron
stars are favored. Second, if we are in the polar direc-
tion, the lanthanide-rich disk outflow without dynamical
ejecta is not preferred. This may disfavor lanthanide-
rich disk outflows after tidal disruption of neutron stars
with small radii of . 12.5 km by low-mass black holes.
Any detection will not support binary neutron stars re-
sulting in prompt collapse or a low-mass black hole–
neutron star binary with a small neutron-star radius of
. 11.5 km, because they leave a negligible amount of
material.
If an upper limit of ∼ 21 mag is established for a fu-
ture GW190425-like event, the most likely source may be
symmetric binary neutron stars that collapsed promptly,
and a low-mass black hole–neutron star binary may be
acceptable only for the following cases (see Table 1 for
the summary): (i) it is observed from the equatorial di-
rection, thus close, but the dynamical ejecta associated
with a large neutron-star radius of & 12.5 km concealed
the lanthanide-rich disk outflow, and the same applies
to the lanthanide-poor disk outflow for highly equatorial
directions; (ii) it is observed from the polar direction,
thus distant, and early ejection of the lanthanide-rich
disk outflow occurs without significant dynamical mass
ejection due to a small neutron-star radius of . 12.5 km,
or (iii) the disk outflow is suppressed to . 0.01M due
to insignificant disk formation associated with a small
neutron-star radius of . 11.5 km (see also, e.g., Miller
et al. 2019, for preference of a large radius by pulsar ob-
servations) or accidentally low ejection efficiency from
the disk.
If GW190425-like systems are not very rare, we have
a good chance of observing them with the multiple de-
tector network in the near future (Abbott et al. 2018b).
The localization error should be improved to the extent
that follow-up observations will be able to cover the en-
tire localization area, hopefully deeper. For a hypothet-
ical distance of 150 Mpc consistent with GW190425, the
peak magnitude of the kilonova/macronova may reach
≈ 20 mag in the r/g-bands for asymmetric systems,
powered mainly by the disk outflow. Thus, observa-
tions comparable to Coughlin et al. (2019) will detect
the emission or put an informative limit on the possi-
bility of low-mass black hole–neutron star binaries (and
asymmetric binary neutron stars). The multiple detec-
tor network also improves the accuracy in the distance
and the viewing angle (Cutler & Flanagan 1994). Even
if the localization error is not improved due to, e.g., low
duty cycle, future sensitive surveys with telescopes like
the Vera C. Rubin Observatory (formerly LSST) will be
a powerful tool to detect GW190425-like events. To dif-
ferentiate binary types with future multi-messenger as-
tronomy, it will be beneficial to improve understanding
of the neutron-star equation of state and disk activity.
Studies on these topics will also improve phenomeno-
logical models of the kilonova/macronova employed in
expansive statistical analysis (e.g., Coughlin & Dietrich
2019; Coughlin et al. 2019; Hinderer et al. 2019; Cough-
lin et al. 2020), which will play an important role for
quantitative inferences of source properties.
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